Colloidal particles dispersed in a partially ordered medium, such as a liquid crystal (LC) phase, disturb its alignment and are subject to elastic forces. These forces are long-ranged, anisotropic and tunable through temperature or external fields, making them a valuable asset to control colloidal assembly. The latter is very sensitive to the particle geometry since it alters the interactions between the colloids. We here present a detailed numerical analysis of the energetics of elongated objects, namely prolate ellipsoids, immersed in a nematic host. The results, complemented with qualitative experiments, reveal novel LC configurations with peculiar topological properties around the ellipsoids, depending on their aspect ratio and the boundary conditions imposed on the nematic order parameter. The latter also determine the preferred orientation of ellipsoids in the nematic field, because of elastic torques, as well as the morphology of particles aggregates.
I. INTRODUCTION
Dispersions of colloidal particles in anisotropic solvents such as liquid crystals (LC) make up a new class of composite materials that was discovered at the end of the last century [1] [2] [3] [4] [5] [6] [7] [8] . Since then, there has been a surge of activity in this area covering both fundamental as well as more applied issues [9, 10] . In such systems the colloidal inclusions experience new interactions -the so-called elastic interactions -that do not exist in more usual colloidal dispersions made of isotropic solvents. These interactions are long ranged, anisotropic, and have an elastic character originating from the distortions of the LC intrinsic order in the vicinity of the inclusions. The amplitude and symmetry of these distortions, which cost elastic energy, are to a large extent controlled by the boundary conditions at the colloid-LC interface. The latter are defined by the LC anchoring conditions, i.e. the orientation and strength with which the LC molecules are bound to surfaces (liquid or solid). Boundaries therefore play a crucial role in LC colloids for they control the way the particles interact with each other, which has a direct impact on the physical properties of the system.
Most of the studies performed in the past 15 years focused on the properties of micrometer-sized spherical colloids dispersed in a nematic LC phase. The topological defects, the director topology, the (anisotropic) elastic interactions between inclusions and the influence of various boundary conditions as well as external fields were all extensively characterized [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The long range nature of elastic forces (inverse power laws) is responsible for the building of large-scale ordered assemblies (linear chains, 2D and 3D crystals), while topological defects mainly ensure stability of the system [10, [22] [23] [24] [25] [26] . Typical pair interaction energies for colloidal sizes ∼ µm are of the order ∼ 10 3 k B T , meaning that the resulting particles' aggregates are insensitive to thermal fluctuations and remain stable over time.
Today, new effects and properties are being unveiled such as the newly coined "nematic braids" defects [27] or topological colloids [28, 29] . However, the dynamical aspects of such systems still remain largely unexplored despite a few recent studies [30] [31] [32] . Furthermore, the interest in the field is further boosted by the recent progresses made in synthesizing new model particles varying in size, shape, nature, structure (core-shell) and surface properties as reviewed in [33] [34] [35] . Synergetic properties between the inclusions and the LC matrix are now being explored, with the long term objective of designing materials with extraordinary properties, such as those expected for metamaterials for instance [36] .
Most of the foreseen applications require rather high particle volume fractions, i.e. ∼ 10% or more. However, it is still a puzzling challenge today to achieve homogeneous colloidal dispersions with tunable interparticle separations at such high particle loads. Because of the very high interaction energy (∼ 10 2 − 10 3 k B T ), particles aggregate massively leading to macroscopic phase separations in most cases. Note however that spectacular rheological properties were recently discovered with a colloid-nematic LC composite where the particle volume fraction exceeded 20% [37] .
Tuning the LC anchoring properties at the particles surface is a worthy route to circumvent the outlined problem: indeed, low anchoring strengths (and hence low surface energies)
allow for a partial relaxation of elastic deformations in the bulk, thereby decreasing the overall elastic energy of the system. With liquid inclusions, anchoring properties may be readily altered due to adsorbed surfactants and polymers [5, 38] . This is however not the case with solid inclusions which require specific grafting procedures of chemical groups at the particle surface. Use of photosensitive molecules may bring up new insights though, as shown in [39] : the LC anchoring type can be dynamically and reversibly switched between normal and tangential anchoring states.
The particle size is another parameter to play with in order to modulate the anchoring properties, as reported previously [9, [40] [41] [42] . Particles smaller (larger) than the typical length K/W ∼ µm, where K is the (average) nematic elastic constant (∼ 10 pN) and W the surface anchoring strength (∼ 5×10 −6 J.m −2 ) [43, 44] , tend to favor weak (strong) anchoring conditions with a low (high) cost in terms of elastic energy. Indeed, recent experiments with nanometer-sized inclusions revealed that pair interaction energies of just a few k B T could be achieved in thermotropic nematics [45] ; a promising result in view of the long term applications mentioned above.
An alternative strategy to achieve high particle loads consists in playing with the particle shape. Mondiot et al. indeed showed that ellipsoidal inclusions with tangential anchoring conditions tend "to go unnoticed" when dispersed in lyotropic nematics, provided they are elongated enough [46] . At small volume fractions (≤ 0.01%), the micrometer-sized ellipsoids align their long axis parallel to the local director and remain individually dispersed over long periods of time (several months). Similar observations were made for bacteria and gold nanorods embedded in other lyotropic nematic phases [47, 48] . However, in other experiments involving non-spherical inclusions in thermotropic nematics, aggregation occurs [49, 50] .
In the present work, we offer a thorough numerical analysis of the energetics of ellipsoidal particles embedded in a nematic phase, complemented with some experimental observations. The overall objective is to gain insights on the possibility of using both particle geometry and surface anchoring properties (tangential versus homeotropic) in order to achieve homogeneous LC dispersions with a large amount of particles. Both single and pairs of ellipsoids are considered together with various anchoring types and strengths at the LC-colloid interface. The results show that, for a given anchoring strength, the nature of the anchoring controls the orientation of ellipsoids with respect to the far-field director. Varying the anchoring strength and the particle aspect ratio reveals peculiar director configurations and topological defects in the vicinity of the inclusions, leading to metastable states in the free energy landscape. Numerically computed pair interaction energies emphasize a significant influence of the anchoring strength on the morphology of particles' aggregates. The experimental observations qualitatively support the calculations.
II. LANDAU-DE GENNES MODEL
Within the Landau-de Gennes (LdG) theory, nematic liquid crystals are characterised by a traceless symmetric order-parameter tensor with components Q ij and the corresponding LdG free energy functional is [43] 
with f b and f el the bulk and elastic free energy densities, given by
where a depends linearly on the temperature T and is usualy written as a = a 0 (T −T * ), with a 0 a material dependent constant and T * the supercooling temperature of the isotropic phase.
b and c are positive (material dependent) constants, and L 1 and L 2 are phenomenological parameters which can be related to the Frank-Oseen (FO) elastic constants. The first integral in Eq. (1) is taken over the 3D domain, Ω, occupied by nematic, while the second integral is over the surfaces ∂Ω (in our case the surfaces of the colloidal particles) and accounts for non-rigid anchoring conditions.
Depending on the anchoring conditions, various expressions are at our disposal to model the surface free energy density f s . In the case of homeotropic anchoring, we used the following simple quadratic function favouring monostable nematic ordering Q s , i.e., with a well-defined director, scalar and biaxial order parameters [51] :
where W > 0 is the anchoring strength at the colloidal surface whereas Q s ij describes the preferred surface nematic ordering defined by
, where ν is the unit normal to the colloidal surface. Q b is the bulk value of the scalar order parameter (see Supplementary Information (SI) for the definition). We model planar degenerate anchoring at the colloidal surfaces by the following surface potential [52] 
. W 1 > 0 is the anchoring strength favoring tangential orientation of the director, and W 2 > 0 ensures the existence of a minimum for the surface scalar order parameter at Q b . We assume for simplicity
We also introduce the dimensionless anchoring strength w = W Q 2 b R 0 /K 2 , where R 0 is some typical length scale related to the size of colloidal particle and K 2 is the Frank elastic constant for twist deformations. Relations between the Frank elastic constants K i and the phenomelogical parameters L 1 , L 2 can be found in the SI together with additional material concerning our numerical procedure.
III. RESULTS AND DISCUSSION
In this section, we provide a description of the results obtained through both numerical calculations and qualitative observations. We begin with an isolated micrometer-sized prolate ellipsoid embedded in a nematic domain prior to dealing with pairs of such particles. As aforementioned, we investigate the effects of particle aspect ratio, strength and nature of boundary conditions at the LC-colloid interface.
A. Single ellipsoid
Numerical computations
The case of spheres with strong homeotropic anchoring conditions and a homogeneous nematic director in the far field, was thoroughly analyzed in the literature. Very briefly, a dipolar configuration, consisting in a point-like hedgehog defect close to the sphere, was both computed and evidenced experimentally [3] [4] [5] [6] 8] . A quadrupolar configuration, in which a disclination line encircles the sphere at the equator -the so-called Saturn ring configuration -offers an alternate geometry to the dipolar state [2, 3, 7, 9, 11] . Now, how is the director topology altered in cases of elongated particles? We shall first consider a single ellipsoid with strong homeotropic anchoring conditions.
Strong homeotropic anchoring -Starting with various initial director configurations, we minimized the Landau-de Gennes free energy (Eq. (1)) according to the procedure described in the "Methods" section. Figs. 1A and E show two metastable configurations while Fig. 1J displays the most stable state. The former configuration (1A) consists in a disclination line that encircles the particle in its midplane when the ellipsoid long axis is parallel ton . This topological defect is the analog of the Saturn ring defect encountered with spherical colloids and appears as a consequence of the conservation of the total topological charge Q in the nematic [3, 6, 8] . The obtained director topology, which we will call "midplane ring" in the following, is similar to that previously computed for rod-shaped objects [53, 54] and appear from an initial uniform director field.
The other configuration shown in Fig. 1E is a new director morphology which, as far as we know, was not predicted by previous simulations on rod-like objects. It consists of a small disclination ring located at one tip of the ellipsoid, which will be referred to as "tip ring" hereafter. Similarly to the midplane ring above, the tip ring carries a topological point charge equal to −1 to ensure a zero global topological charge. The tip ring shows up from hedgehog or non-equatorial ring initial configurations of the director field. As we will see shortly, this topology has a lower energy than the midplane ring when the tilt angle, θ, is zero, i.e. the ellipsoid long axis is parallel ton .
Unlike spheres, anisotropic particles will experience torques and hence adopt preferential orientations with respect ton , as already reported [46] [47] [48] [49] [53] [54] [55] . We therefore computed the total free energy (Eq. (1)) as a function of θ for several aspect ratios k and strong homeotropic conditions (dimensionless anchoring strength w = 37; see the "Methods" section). The results are displayed in Fig. 2 . Curves with open symbols correspond to midplane ring configurations (Fig. 1A-D) , whereas curves with solid symbols refer to "tip ring" ones ( Fig. 1E-H) . In all cases, the global minimum occurs at θ = π/2 ( Fig. 1J ), i.e. when the ellipsoid long axis is oriented perpendicularly ton, but the configuration at θ = 0 enjoys some metastability, especially as k increases. The metastable (θ = 0) and the stable (θ = π/2) solutions are separated by a free energy barrier at θ ≃ π/12 . For a slight ellipsoid rotation away from θ = 0, this free energy barrier may arise from a large elongation of the defect line and the corresponding increase of the line free energy (Fig. 1B,C) , which, at such small θ values, is not counterbalanced by any relaxation of elastic distortions in the bulk. The total free energy of the system is indeed dominated by bulk director distortions. The height of the energy barrier grows with the ellipsoid aspect ratio k (Fig. 2 , open symbols) and amounts to ≈ 10 3 k B T for micron-sized particles with k = 7 . As θ increases further, the above scenario reverses -the defect line still grows, but at a smaller "rate" and the additional line energy penalty does not prevent the total free energy to decrease steadily, via the relaxation of the bulk director distortions, all the way down to θ = π/2 .
Tip rings configurations are more stable than midplane ones at small θ, but their free energy grows with θ . Tilting the particle away from θ = 0 indeed generates longer tip rings (see Fig. 1F -H) and the total free energy rises. Such conformations eventually loose their stability for θ > 3π/8 as the corresponding energy branches suddendly fall down and join the ones computed for midplane rings (Fig. 2 , solid symbols).
Besides midplane and tip rings, a surprising metastable double ring configuration also emerges out of the computations, but only in a narrow θ range (θ ∈ [1.04, 1.22] rad) (see Fig. 1I ). The associated free energy curve (not shown) is always located above the curves computed for midplane and tip rings. This double ring conformation has an interesting topological property. One of the rings (the bottom one in Fig. 1I ) has the director structure of a tip ring and therefore carries a topological point charge equal to −1 .
Consequently, the second ring must have zero topological point charge. A fine inspection of the director topology around the second loop reveals a hybrid structure composed of two parts characterised by winding numbers equal to −1/2 and +1/2 . Insets in Fig. 1I show the details of the director configurations around the +1/2 (red box) and −1/2 (blue box) disclination profiles. The transition between the two proceeds by rotating the director by π around an axis perpendicular to the disclination line (see figure 2 in [56] ). Such a peculiar topology indeed yields zero topological point charge, as explained in [56] .
Weak homeotropic anchoring -Decreasing the (dimensionless) strength w of the homeotropic anchoring alters significantly the free energy landscape of an isolated ellipsoid, as shown in Tangential anchoring -Switching to tangential anchoring conditions yields a less rich behavior. Whatever the anchoring strength, be it strong (w = 37) or weak (w = 0.4), the free energy curve always decreases monotonously from θ = π/2 down to θ = 0 , which is the only stable state (Fig. 4) . Hence, in this case, the ellipsoid will orient its long axis parallel ton, in contrast to what is predicted for homeotropic anchoring. Therefore, the nature of the anchoring seems to control the preferential orientation of the ellipsoids in the nematic phase.
For strong tangential anchoring, the director field exhibits the typical surface defects known as boojums at the ellipsoid tips (see snapshot on Fig. 6 ). This configuration is similar to that computed in [46] using an approximate two-dimensional approach. For weaker anchoring (w = 0.4), the boojums disappear (not shown here).
Note that for strong tangential anchoring, a quadratic dependence of the elastic energy F el on θ for a rod dispersed in a nematic was predicted [57] and verified experimentally [55] . From Fig. 4 , it seems like such a law, i.e. F el ∝ θ 2 , holds as well in the weak anchoring regime (see the Supplementary Information for more details).
Experimental observations
In this paragraph, we briefly describe a few qualitative experiments that support the above numerical results. We mainly focus on the influence of the anchoring type at the LC-colloid interface.
In a previous report [46] , we experimentally investigated the behavior of micrometersized prolate ellipsoids, of aspect ratio k , embedded in a lyotropic N C phase consisting of an aqueous solution of rod-like micelles. For a given particle concentration φ P (= 0.01 wt.%), it was shown that short-k ellipsoids, just like spheres, aggregate and form anisotropic structures oriented at an angle with respect to the local background director, which are typical of quadrupolar elastic interactions. However, this is no longer the case when k reaches a welldefined value k C ≃ 4.3 (which depends on φ P , as discussed further): above k C , the ellipsoids remain homogeneously dispersed and apparently do not interact one another, even over long periods of time (several months). This is recalled in Fig. 7B where the non aggregated ellipsoids (k = 8.3) are aligned along the local director field, with a tangential anchoring of the rod-like micelles at the particles' surfaces. The histogram of the angular distribution θ (see scheme in Fig. 7D ) has indeed a well-marked peak along the nematic directorn [58] .
However, this is not so when the same ellipsoids are embedded in the N D phase of the lyotropic system where the anchoring of the disk-like micelles is now homeotropic [59] . On an average, the long axes of ellipsoids lie in planes oriented perpendicularly ton . Within each plane, the orientation of each ellipsoid is random as is evidenced by the broad angular distribution histogram of Fig. 7C .
These observations agree qualitatively well with the calculations described above: the experiments confirm that the nature of the anchoring controls the ellipsoids' average orien-tation with respect to the far-field director (see again Fig. 7 and Fig. 4 ).
Furthermore, in the N D phase, almost all ellipsoids have their long axes normal ton (Fig. 7A) . If the anchoring were strong, a significant amount of particles should have been observed with their long axes parallel ton or slightly tilted, according to the metastable states predicted by the computations (Figs. 2 and 3 
one can get an estimate of the anchoring strength W ≃ 10 −6 J.m −2 , which is a reasonable value for a weak anchoring case [38, 44, 60] .
B. Pairwise interaction and collective behavior
We here provide a few additional experimental and computational results pertaining to a collection of ellipsoids.
In the N D phase, our observations reveal that, whatever the aspect ratio k ∈]1, 10] , the ellipsoids cluster within comparable timescales than the starting microspheres at the same particle concentration (0.01 wt.%). This is shown in Fig. 8A ,B where short chains of ellipsoids are oriented perpendicularly ton , and within which the particles contact in a tipto-tip manner. Consequently, it turns out that, in the N D phase, it is not possible to define a critical aspect ratio above which the ellipsoids can remain homogeneously dispersed, at least within the probed k range. A possible explanation for this may be found by examining how the total free energy (Eq. (1)) of a single ellipsoid varies as a function of k with homeotropic anchoring conditions (θ = π/2). Such a graph is plotted in Fig. 9 (solid symbols). Whatever the anchoring strength, the longer the ellipsoid, the higher the free energy cost. The length of the Saturn ring defect also increases with k, but the defect core free energy always remains much smaller than the elastic free energy due to out-of-core director field distortions (results not shown). Hence, aggregation is expected for any k and, as mentioned above, this is indeed observed experimentally.
This behavior differs drastically from that evidenced in the N C phase where the anchoring is tangential. Indeed, the graph on Fig. 9 (open symbols) now exhibits the opposite trend:
as k increases, the value of the free energy minimum decreases. The director topology only features boojums defects and no disclination loop (see Fig. 6 ). These computations strongly support previous calculations in 2D where the same trend was evidenced (see Fig. 3 in [46] ).
Long-k ellipsoids cost less free energy than short ones and therefore become easier to disperse in the nematic matrix because of weaker elastic distortions.
Overall, these results highlight again the importance of the anchoring type at the particlenematic interface.
It is worth mentioning that structures similar to those exhibited in Fig. 8A ,B were experimentally reported with cylinders [49] and theoretically predicted for spherocylinders [54] in nematics with homeotropic anchoring conditions. In such studies, the director topology around the inclusions features a Saturn ring defect consisting in a disclination loop surrounding the particle long axis, which is normal ton . Using the same anchoring type, our calculations also predict a Saturn ring defect which we have called midplane ring (Fig. 1A-D) .
But, as aforesaid, other peculiar director morphologies are possible (Fig. 1E-I ).
To gain further insights on the anisotropic structures reported on Fig. 8A ,B, we have computed the effective pair interaction as a function of the relative colloidal orientation defined by angle α (see Fig. 10 and inset). The calculations were carried out for a fixed surface-to-surface distance d and several values of the homeotropic anchoring strength w . It is found that strong anchoring favors the side-to-side configuration with α = 0 . But the tipto-tip configuration (α = π) seems to enjoy some metastability since the free energy curve is non monotonous and features a maximum around π/2 . As the anchoring strength decreases, so does the free energy difference between the side-to-side and the tip-to-tip configurations.
For the lowest considered value of w (w = 0.4), the free energy minimum is reached for the tip-to-tip geometry although the free energy values do not differ greatly for α ∈ [π/2, π] .
The large α repulsive "tails" of the interaction profiles for strong to moderate anchoring ( Fig. 10) can be understood through an electrostatic analogy as the repulsion of two elastic quadrupoles [4, 6] . The emergence of the free energy barriers, and attractive forces at smaller values of α , is due to the so-called defects sharing mechanism first described in [61] . At small angular separations, the disclination lines in the inner regions start to deform in the opposite directions (see Fig. 11C ), thereby minimizing the overall free energy and leading to the elastically bonded configuration at α = 0 (see Fig. 11A ). For weak anchoring, the free energy is dominated by the surface anchoring term, which is minimized for the tipto-tip orientation (Fig. 11B) . Experimentally, only tip-to-tip structures are observed, and therefore, these calculations again suggest that the anchoring of the micelles on the ellipsoids surfaces is probably weak. The same conclusion was indeed already inferred above when comparing the observations of Fig. 7 with the computations reported on Figs. 3 and 4 .
Finally, we note that the computed effective elastic forces acting upon ellipsoids in the sideto-side configuration (α = 0, strong anchoring) are of the order of 1 pN, which correlates well with earlier experiments on micrometer-sized "homeotropic" spheres for which radial elastic forces of about ∼ 10 pN were reported [62] .
Lastly, we have briefly investigated the effect of a four-fold increase of the particle (Fig. 8A,B) . Hence, increasing φ P leads to particle aggregation which is not too surprising since the mean distance between inclusions decreases, thereby making them more sensitive to attractive elastic interactions. However, the strength of these interactions was predicted to be a decreasing function of k for pairs of ellipsoids [46] . One may therefore surmise that the critical aspect ratio k C varies with φ P , and furthermore, that it is an increasing function of φ P . However, a great deal of additional experiments would be required to test this conjecture.
IV. CONCLUSION
To conclude, we have studied through both numerics and experiments the static behavior of elongated particles embedded in a nematic phase. Among the most salient results of our investigation, let us point out that (i) the nature of the anchoring at the LC-colloid interface controls the preferential orientation of ellipsoids with respect to the far field nematic director,
(ii) the strength of the anchoring has a direct impact on the packing geometry of pairs of ellipsoids, (iii) several metastable states exist in the free energy landscape when tilting the ellipsoid long axis with respect ton ; some of these states exhibit unusual topological properties and director fields; and (iv) no "critical aspect ratio" could be evidenced in the N D phase: the ellipsoids are always found to aggregate whatever their aspect ratio, in fierce contrast to what was previously observed in the N C phase.
Our investigation therefore brings out additional insights about the influence of particle geometry on the behavior of LC colloids. Optimising the shape of colloidal particles together with their surface properties is certainly a worthy route to be explored further in view of achieving useful homogeneous LC dispersions with high particle loads. On a more fundamental basis, composites such as LC colloids also provide an ideal playground to deliberately nucleate various kinds of defects and study their interactions, which is of great interest from a theoretical perspective [63] .
V. METHODS
Preparation of particles. Prolate ellipsoidal particles were prepared using the process reviewed in [33] . Briefly, the latter consists in a uniaxial mechanical stretching of polymeric spherical particles at constant volume, which are initially trapped in a film-forming polymer matrix. In our experiments, the matrix was made of 89%-hydrolysed polyvinyl alcohol (PVA -120, 000 ≤ M W ≤ 160, 000 g.mol −1 from Fluka c ) whereas the starting particles consisted of 2 µm-diameter polystyrene (PS) beads (Polysciences c ). Monodisperse prolate ellipsoids of controllable aspect ratio k = A/B ranging from 1 to 10 are easily achievable. We assume that the ellipsoids are cylindrically symmetric and defined by semi-axes (A, B, B) , where A (resp. B) is the ellipsoid semi-long (resp. semi-short) axis. The resulting particles are water-dispersable and aqueous suspensions may be stored for several months without significant aggregation. However, despite numerous washing cycles, some PVA inevitably remains adsorbed at the particles surface. Although we did not quantify this adsorption, we checked that PVA-coated PS spheres -i.e. spheres that underwent the same preparation procedure as ellipsoids, but without the stretching step, -behaved like the bare PS beads when dispersed in nematic phases as described below. Therefore, a PVA-coating had no effect on the particles behavior, certainly because of the entropic nature of the anchoring in lyotropic nematics (see hereafter).
Liquid crystal. We used a lyotropic liquid crystal system composed of sodium dodecyl sulfate (SDS), decanol (DeOH) and water as the dispersing solvent for the ellipsoids. The phase diagram of this mixture exhibits two nematic domains [64, 65] and between micelles and walls. Orientation of anisotropic micelles close to walls is then mainly driven by entropy: as shown previously, the micelles will tend to align parallel to surfaces to minimize their excluded volume [68] . This preferential alignment leads to tangential (resp. homeotropic) anchoring of the micelles on surfaces in the N C (resp. N D ) phase. Tuning of the anchoring conditions may then be achieved by introducing the particles either in the N C phase (tangential case) or in the N D phase (homeotropic case) [59] .
Samples. Ellipsoids were suspended in nematic phases at mass fractions ranging from 0.01% to 0.06%. At such low concentrations, the lyotropic nematic phases were not altered by the presence of the particles. Unlike thermotropic nematic dispersions, no further chemical functionalization of the particles surface was required here since the particles are water-dispersable. The nematic suspensions were put in 1 mm-thick optical glass cells which were further capped and sealed to prevent evaporation. The samples were thermostated at 24
• C, and observed using standard polarizing optical microscopy. 
Supplementary Note 1 Weak and ultra-weak anchoring
Our main goal here is to provide additional information to explain the parabolic shape of the curves displayed on Fig. 4 of the main text.
Tangential anchoring. As mentioned in the main text, Brochard and de Gennes [54] predicted that, for a thin rod immersed in a nematic phase with strong non-degenerated tangential anchoring, the elastic free energy (n · ν) 2 ds . Here, ν denotes the surface unit normal vector and W > 0 (resp. W < 0) describes a tangential (resp. homeotropic) anchoring. For W ≪ 1 , the far-field directorn is only slightly distorted by the presence of a colloidal particle. Assumingn along the z−axis, the Frank-Oseen elastic free energy (in the one-elastic-constant approximation, K) may be approximated as [54] :
, where (n x , n y , 0) describes deviations of the local director fromn . Consequently, for n x,y ≪ 1 , the leading contribution, F lead , to the free energy stems from the surface term, i.e., F lead = W 2 ∂Ω (ν z ) 2 ds . We may approximate a large-k ellipsoid by a cylinder with radius R , then F lead is readily integrated giving
where θ is the angle between the cylinder axis andn . For k → ∞ (with kR → cst), the term cos 2 θ k , describing the cylinder ends effects, may be dropped yielding F lead ∝ W sin 2 θ .
Eq. (1) is valid for large θ too, and it agrees quite well with the numerical results displayed in Fig. S1(B) , which are obtained for an ultra-weak anchoring strength (w = 0.004).
Homeotropic anchoring. It is rather surprising that a similar θ 2 behavior is also observed for the case of homeotropic anchoring, be it weak (see red dashed curve on 
Supplementary Note 2 Model parameters and the numerical procedure
As mentioned in the main text, we used the Landau-de Gennes theory to compute the total free energy related to the immersion of prolate ellipsoidal particles in a nematic phase. We here provide additional information about some variables defined in Eqs. It is convenient to define the dimensionless temperature τ = 24ac/b 2 . At τ < 1 the uniaxial nematic is stable and the degree of orientational order is given by
The nematic becomes unstable at τ > 9/8. At τ = 1 both the nematic and the isotropic phases coexist. We use the following values of the model parameters: a 0 = 0.044 × 10 6 J /Km 3 , b = 0.816 × 10 6 J/m 3 , and c = 0.45 × 10 6 J/m 3 , T * = 307 K, L 1 = 6 × 10 −12 J/m (these are typical values for 5CB [69] ), and for simplicity we put L 2 = 0 . The spatial extension of inhomogeneous regions and the cores of topological defects is of the order of the bulk correlation length, ξ , given by ξ = (8c (3L 1 + 2L 2 ) /b 2 ) 1/2 ≃ 10nm at the nematicisotropic (NI) transition [70] . The LdG elastic constants L 1 and L 2 may be related to the FO elastic constants, K 1 = K 3 and K 2 , through the uniaxial ansatz Q ij = 3Q b (n i n j − δ ij /3) /2,
. In general, K 1 and K 3 are different, but in most cases the difference is small and the LdG free energy is deemed adequate.
We minimize the Landau-de Gennes free energy (Eq. (1), main text) numerically by using adaptive finite elements methods. Initially, the surface of a colloidal particle is triangulated using Open Source GNU Triangulated Surface (GTS) library [72] . Then, the triangulation of the nematic domain Ω is carried out using Quality Tetrahedral Mesh Generator [73] , which supports the adaptive mesh refinement. Linear triangular and tetrahedral elements are used in 2D and 3D, respectively. Generalized Gaussian quadrature rules for multiple integrals [74] are used in order to evaluate integrals over elements. In particular, for tetrahedra a fully symmetric cubature rule with 11 points [75] is used, and integrations over triangles are done by using a fully symmetric quadrature rule with 7 points [76] . The discretized Landau-de Gennes functional in then minimized using the National Institute for Research in Computer Science and Control M1QN3 [77] optimization routine, which implements a limited memory quasi-Newton technique of Nocedal [78] . More details on the numerical implementation can be found in ref. [79] .
We only consider cylindrically symmetric ellipsoidal particles with semi-axes (A, B, B) , where A (resp. B) is the semi-long (resp. semi-short) axis. Particles with aspect ratio Supplementary References
